Cytokinin and nitric oxide (NO) have been characterized as signaling molecules to trigger cell division in tissue culture. Here, we show that the hypocotyl and root explants of Arabidopsis NO-deficient mutant nos1/noa1 exhibit severe defects in callus induction and shoot regeneration in response to cytokinin. Accordingly, depletion of NO caused by a NO scavenger leads to a severe inhibitory effect on callus induction. Moreover, cytokinin-induced NO production is impaired in nos1/noa1 in which cytokinin-triggered activation of cell cycle gene CYCD3;1 is inhibited, indicating that NO may act downstream of cytokinin in the control of cell proliferation through CYCD3;1. This hypothesis is further confirmed by the genetic evidence that constitutive expression of CYCD3;1 complements the defects of nos1/noa1 mutant in meristematic activity in shoot, root, and floral tissues as well as in cytokinin-induced callus initiation and shoot regeneration. Furthermore, we show that NO deficiency caused by loss of NOS1/NOA1 impairs cellular development such as the duration of the mitotic phase and timing of the transition to endocycles in nos1/noa1 mutant leaves, which can be reverted by constitutive expression of CYCD3;1. Taken together, these results demonstrate that NO mediates transcriptional activation of CYCD3;1 in regulating the mitotic cycles in response to cytokinins.
INTROduCTION
Nitric oxide has emerged as a critical signaling messenger involved in a range of biological processes in higher plants, including disease-resistance signaling, hormone responses, abiotic stress, germination, iron homeostasis, flowering, and root development (Lamattina et al., 2003; Neill et al., 2003; Wendehenne et al., 2004; Crawford and Guo, 2005; Delledonne, 2005; Besson-Bard et al., 2008) . Studies on the effects of NO on plant development have shown that NO acts as a signal mediator to regulate root growth (Pagnussat et al., 2002; Correa-Aragunde et al., 2006) , photomorphogenesis (Lozano-Juste and Leon, 2011) , floral transition (He et al., 2004) , and leaf senescence (Ma et al., 2010) . For root organogenesis, NO functions in auxin signaling cascades to control adventitious root development (Pagnussat et al., 2002) and lateral root formation (Correa-Aragunde et al., 2004 , 2006 through the modulation of cell cycle gene expression (Correa-Aragunde et al., 2006) . Compared with the well-established mechanisms by which NO mediates signaling cascades in the regulation of cell division and differentiation in mammalian cells, the genetic evidence is still limited to define the functions of NO in signal transduction events related to the cell cycle control in higher plants. Through modulating NO levels in alfalfa cell cultures by exogenous treatment with NO donors or scavengers, it was revealed that NO is required for auxinmediated activation of cell division and embryogenic cell formation (Otvos et al., 2005) .
As a class of plant hormones, cytokinins play a key role in many aspects of plant growth and development, including their ability to promote division in cultured cells (Werner and Schmuelling, 2009; Argueso et al., 2010) . Cytokinin signaling in Arabidopsis involves a phosphor-transfer cascade, which is initiated by binding of cytokinin to histidine kinase receptors, known as CRE1/WOL/AHK4, AHK3, and AHK2. In response to cytokinin binding, these receptors autophosphorylate on a conserved His residue within their kinase domain and in turn relay this phosphoryl group to Arabidopsis Response Regulators (ARRs) via an intermediate set of histidine phosphotransfer proteins (Sheen, 2002; Argueso et al., 2010) . It has been demonstrated that cytokinins regulate plant cell division through induction of CYCD3 at G 1 -S cell cycle phase transition (Riou-Khamlichi et al., 1999; Dewitte et al., 2007) . Accumulating evidence suggests that the critical players of the cyclin D (CYCD)/retinoblastoma (RB) pathway are conserved between mammals and plants although regulated by substantially different regulatory mechanisms (Dewitte and Murray, 2003) . Of the Arabidopsis thaliana CYCD genes, CYCD3;1 expression is activated in response to cytokinin, and its overexpression results in callus formation and shoot regeneration from explants in the absence of exogenous cytokinin (Riou-Khamlichi et al., 1999) , whereas loss of CYCD3 impairs shoot meristem function and leads to reduced cytokinin responses such as shoot regeneration on callus (Dewitte et al., 2007) , indicating that CYCD3 functions as a cytokinin target gene in cell division and cell expansion critical for apical growth and development.
The functions of NO in the cytokinin response pathway in plants have been initially investigated using a test system of Amaranthus seedlings which respond to cytokinin by the rapid accumulation of the red pigment betacyanin. It was reported that the treatments of NO donors mimicked cytokinin effects on betacyanin accumulation (Scherer and Holk, 2000) . Moreover, NO production was rapidly induced within 3 min in plant cell cultures of Arabidopsis, parsley, and tobacco in response to cytokinins in a dose-dependent manner (Tun et al., 2001) . These results imply that NO may mediate cytokinin signaling. However, a later study suggests that NO might have no direct role in triggering the primary cytokinin responses, since exogenous application or depletion of NO did not alter the cytokinin-responsive expression of ARR5 in Arabidopsis plants (Romanov et al., 2008) .
Here, we investigate the functions of NO in dedifferentiation and proliferation of somatic plant tissues in culture. The formation of callus and shoot regeneration in response to cytokinin was examined in a NO-deficient mutant as well as after pharmacological perturbation of the pathway with NO donors or scavengers. We show that NO functions downstream of cytokinin to induce callus initiation and shoot regeneration from somatic plant tissues such as hypocotyl and root explants. NO plays a critical role in meristem maintenance through activation of CYCD3;1 in Arabidopsis.
RESuLTS

NO Is Required for Cytokinin-Induced Cell Proliferation during Callus Formation and Shoot Regeneration
To investigate whether NO plays a role in cytokinin-induced cell proliferation, we examined callus induction and growth on the hypocotyl and root segments of NO-deficient mutant nos1/noa1. Despite the controversy about the role of NOS1/ NOA1 in NO biosynthesis (Guo et al., 2003; Crawford et al., 2006; Guo, 2006; Zemojtel et al., 2006; Moreau et al., 2008) , it has been demonstrated that the mutation of NOS1/ NOA1 causes a significant reduction in NO production in Arabidopsis (Guo et al., 2003; He et al., 2004; Zeidler et al., 2004; Bright et al., 2006; Zhao et al., 2007; Zottini et al., 2007) and Nicotiana benthamiana (Asai et al., 2008) . As shown in Figure 1A , the tissue-cultured hypocotyl and root explants of NO-deficient mutant nos1/noa1 exhibited reduced callus growth and greening phenotypes when treated with increasing levels of kinetin on GM medium with a fixed concentration of auxin (30 ng ml -1 2,4-D), whereas a slightly rapid callus proliferation and greening phenotype was observed in the cultured explants of overproducer mutant nox1-1 in comparison with the explants of wild-type (Supplemental Figure 1) . Notably, both the hypocotyl and root explants of nos1/noa1 mutant exhibited the similar defects in green callus formation in comparison to that of ahk4, a cytokinin receptor mutant impaired in cytokinin-dependent callus induction (Inoue et al., 2001) . In addition, the exogenous application of the NO scavenger 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3 oxide (cPTIO) significantly inhibited callus formation and greening of wild-type and the rescued nos1/ noa1 explants ( Figure 1B) . In contrast, treatment with the NO donor S-nitrosoglutathione (GSNO) significantly enhanced the shoot regeneration efficiency in all of the genotypes, but much less for ahk4 mutant ( Figure 1B ). Overexpression of NOS1/NOA1 complements defects in callus formation of the nos1/noa1 mutant in response to cytokinin. These data suggest that NOS1/NOA1 is required for callus initiation and growth on hypocotyl and root explants. These findings reveal that the endogenous level of NO determines the sensitivity of somatic tissues to cytokinin during callus growth and regeneration in Arabidopsis.
NO Modulates Sensitivity to Cytokinins
To explore whether the reduced endogenous NO has an influence on sensitivity of the nos1/noa1 mutant to cytokinins, we have compared growth parameters of wild-type and the nos1/noa1 mutant in roots, root hairs, and seedlings when treated with increasing levels of BA. As shown in Figure 2A and B, continuous growth of the nos1/noa1 seedlings showed reduced sensitivity to cytokinin in comparison with wildtype seedlings when treated with higher concentrations (10-10 000 nM) of BA. In accordance with the difference in the sensitivity of roots to cytokinin between wild-type and the nos1/noa1 mutant, exogenous treatment with BA led to a dramatic reduction in the root-meristem size of wild-type roots, whereas cytokinin-induced effect on root-meristem size was significantly reduced based on the longitudinal view of roots of nos1/noa1 mutant seedlings grown on GM medium for 8 d (Supplemental Figures 2 and 3 ). Root-meristem size was expressed as the number of cells in cortex files extending from the quiescent center cells to the cells that did not yet rapidly elongate (Casamitjana-Martinez et al., 2003) . Another experiment to test cytokinin response was performed according to the induction and elongation of root hairs that can be stimulated by the biosynthesis of ethylene after treatment with cytokinins (Cary et al., 1995) . Interestingly, the roots of the wild-type seedlings were densely covered with longer hairs in response to 100-nM BA treatment whereas nos1/noa1 roots exhibited a much reduced effect ( Figure 2C ). Moreover, shoot growth inhibition induced by BA was also examined in wild-type and the nos1/noa1 mutant. The results showed that wild-type seedlings were severely inhibited when grown on the GM medium with higher concentrations (10-1000 nM) of BA. In contrast, nos1/noa1 mutant seedlings were much less affected ( Figure 2D and E). Overall, there was a significant difference between wild-type and the mutant nos1/noa1 for the responsive capacity to cytokinin, indicating that NOS1/NOA1 determines the sensitivity of a subset of organs or tissues and whole plants to exogenous cytokinin.
Cytokinin-Induced NO Generation Is Impaired in the nos1/noa1 Mutant
To examine the corresponding contribution of NOS1/NOA1 in NO biosynthesis in response to cytokinin, endogenous NO levels were monitored using NO-sensitive dye fluorophore 4,5-diaminofluorescein diacetate (DAF-2 DA) using confocal microscopy. The results showed that trans-zeatin treatment led to an approximately 110% increase in the level of fluorescence signals for wild-type roots after 1-h treatment, whereas only marginal changes were observed in the level of fluorescence for nos1/noa1 mutant roots following treatment ( Figure 3A and B). Importantly, cPTIO treatment (500 μM) totally inhibited the trans-zeatin-induced increase in DAF-2 DA fluorescence signals ( Figure 3A and B), indicating that the signals are NO-dependent. It was noted that the fluorescence signal intensity for nos1/noa1 mutant roots was substantially lower than that of wild-type roots for cases both with or without cytokinin treatment ( Figure 3A and B) . These results demonstrate that NOS1/NOA1 contributes to cytokinin-induced NO production.
NO Mediates Cytokinin-Induced Activation of CYCD3;1 during Cell Proliferation
Given that CYCD3;1 is a cytokinin-responsive gene and loss of CYCD3 leads to reduced cytokinin responses such as shoot regeneration on callus (Riou-Khamlichi et al., 1999; Dewitte et al., 2007) , we investigated whether endogenous NO levels affect cytokinin-induced expression of CYCD3;1. The results showed that the relative level of CYCD3;1 transcripts was increased up to about 70% in wild-type seedlings following 24-h treatment with trans-zeatin (5 μM), but only a minor increase was detected in nos1/noa1 seedlings, indicating that NOS1/NOA1-dependent NO generation is required for the transcriptional activation of CYCD3;1 in response to cytokinin ( Figure 4A ). Moreover, the depletion of endogenous NO in wild-type seedlings by NO scavenger cPTIO significantly inhibited cytokinin-induced expression of CYCD3;1, which further confirms the requirement of NO in mediating activation of CYCD3;1 expression in response to cytokinin ( Figure 4A ).
To further define the relationship that exists between the reduced activation of CYCD3;1 expression and the defects of callus initiation and growth observed in nos1/noa1 mutants, we investigated whether overexpression of CYCD3;1 could complement the mutant defects. qRT-PCR and Western blotting were used to validate that CYCD3;1 was indeed Figure 1. NO Is Required for Callus Initiation, Growth, and Shoot Regeneration. (A) Representative hypocotyl explants (upper panel) and root explants (lower panel) of wild-type, nos1/noa1, ahk4, and the complemented nos1/noa1 line (rescued nos1/noa1) grown on GM medium with 30 ng ml -1 2,4-D for 21 d. (B) Representative hypocotyl explants after 21 d on GM medium supplemented with NO scanvenger (cPTIO), NO donor (GSNO), and Glutathione (GSH) (a GSNO control chemical), respectively. For shoot regeneration, hypocotyl or root explants were excised from 5-dayold seedlings grown on GM medium under a dim-light condition. Genotypes are indicated on the left. expressed at higher-than-normal levels in 35S::CYCD3;1 transgenic plants ( Figure 4B and Supplemental Figure 4C ). We found that the transgenic nos1/noa1 mutant plants harboring the 35S::CYCD3;1 constructs showed increasing sensitivity to cytokinin in callus initiation and growth compared with wild-type and nos1/noa1 mutant ( Figure 4C ), indicating that constitutive expression of CYCD3;1 in nos1/noa1 mutant can completely complement the callus initiation and growth defects caused by NO deficiency. To further examine the effect of NO on CYCD3;1 expression during callus formation, in situ hybridization experiments were performed on sections of hypocotyl explants. In situ hybridization results showed that the signal intensity of CYCD3;1 was significantly reduced in the hypocotyl explant sections of nos1/noa1 mutants compared with the similar sections of wild-type tissues ( Figure 4D ). To further test the hypothesis that NO acts downstream of cytokinin to activate the expression of CYCD3;1 during cell proliferation, we examined the inhibitory effect of cPTIO on callus induction and greening of the tissue-cultured hypocotyls between wildtype and the wild-type with a 35S::CYCD3;1 cDNA transgene. The results showed that cPTIO treatments slightly affected the callus induction and growth on the hypocotyl explants of wild-type seedlings overexpressing CYCD3;1, whereas the inhibitory effect of cPTIO treatment was pronounced on wildtype hypocotyls ( Figure 4E ). These results demonstrate that the inhibited activation of NO-mediated CYCD3;1 expression in response to cytokinin is mainly responsible for the defects in callus initiation and growth exhibited in the nos1/noa1 mutant.
Overexpression of CYCD3;1 Complements Meristematic defects of nos1/noa1 Mutant Plants
Based on the analysis of longitudinal cross-sections of shoot meristems, we found that CYCD3;1 overexpression significantly enhances the meristem size of nos1/noa1 mutant ( Figure 5A ). Also, overexpression of CYCD3;1 restores the cotyledon size of nos1/noa1 mutant seedlings, but not greening to cotyledons of the nos1/noa1 mutant at 8 d after germination (Supplemental Figure 5 ). When grown under long-day conditions on peat soils, the reduced size of rosette and inflorescence apex of nos1/noa1 mutant plants was substantially increased by overexpressing CYCD3;1 but still smaller than that of wild-type plants ( Figure 5B and C, and Supplemental Figure 4 ). As an indication of the restoration of meristematic activity in shoot branching, overexpressing CYCD3;1 in nos1/ noa1 mutant plants led to a substantial increase in axillary shoot branching (Supplemental Figure 6A ). We noted that nos1/noa1 mutant plants produced fewer flowers than wildtype plants, with five flowers on average at stage 13-16 (Smyth et al., 1990) . These defects in flower and silique development were reverted by overexpressing CYCD3;1 (Supplemental Figure 6B and 6C) . Interestingly, the seed size of the CYCD3;1-overexpressing plants is substantially enhanced compared with that of nos1/noa1 mutant, and even larger than that of wild-type ( Figure 5D ). In addition, overexpressing CYCD3;1 is essential for overcoming the meristematic defects in root development of nos1/noa1 mutant plants that developed shorter roots with a reduced growth rate (Supplemental Figure 7A and 7B) . Post-embryonic root growth is enabled by the root apical meristem (RAM) that generates progenitor cells by active cell division in the proximal meristem (PM) (Dello Ioio et al., 2007) . We examined the longitudinal median sections of a cortex file extending from the quiescent center cells under a confocal microscopy. Meristem size was expressed as the number of cells in cortex files that did not yet rapidly elongate (Casamitjana-Martinez et al., 2003) . The results showed that the number of cortex cells in the PM of nos1/noa1 mutant is reduced to 71% of that of wild-type and overexpressing CYCD3;1 in the mutant enhances the number of cortex cells to 88% of that of wildtype whereas the overall organization of the RAM among the three genotypes is similar ( Figure 5E and F) . These results indicate that the defects in root growth and development in the nos1/noa1 mutant are partially attributed to the reduced size of the PM and NO-mediated activation of CYCD3;1 is required for maintenance of the PM during root development.
Overexpression of CYCD3;1 Complements defects in Cellular development of nos1/noa1 Mutant Leaves
It is known that CYCD3;1 is involved in keeping the balance between the onset of endoreduplication and cell division during leaf development (Menges et al., 2006; Dewitte et al., 2007) . To determine further the role of NO-mediated activation of CYCD3;1 in cell production during leaf development, we examined the size of mesophyll cells in nos1/noa1 mutant leaves. In a rosette with six visible leaves, the mesophyll cell size of the third (L3) and fourth (L4) leaves of nos1/noa1 mutants was substantially increased by approximately 56% and 32%, respectively, in comparison with that of wild-type, whereas no significant difference in mesophyll cell size was observed in juvenile leaves (L1 and L2) between wild-type and the mutant (Figure 6A and B) . In contrast, overexpression of CYCD3;1 in nos1/noa1 mutants reverted the enlarged mesophyll cell to a smaller size compared with that of wild-type in both juvenile leaves (L1 and L2) and adult leaves (L3 and L4) ( Figure 6A and B) . These results reflect the reduced mitotic cycles in developing leaves of nos1/noa1 mutant plants.
To further test this hypothesis, we examined endoreduplication in the nos1/noa1 mutant to determine whether the reduction in mitotic cycles is accompanied by the enhanced endocycles (Inze and De Veylder, 2006) . We noted that the average ploidy level of cells in nos1/noa1 mutants was higher than that of wild-type cells, and this effect was more pronounced in L4 leaves. In both L3 and L4 leaves, overexpression of CYCD3;1 in the nos1/noa1 mutant led to a relatively lower ploidy level in comparison with the mutant and wild-type, implying that inhibition of mitotic cycles in the nos1/noa1 mutant correlates with the observed increase in endoreduplication of leaf cells ( Figure 6C and D) . Furthermore, the expression of CYCB1;1, a cell division marker gene, was analyzed in leaves by real-time RT-PCR. CYCB1;1 expression in the nos1/noa1 mutant was much lower than that of wildtype in juvenile leaves (L3 to L5), but no difference was observed in adult leaves while overexpressing CYCD3;1 in the mutant constitutively activated the expression of CYCB1;1 in both adult and juvenile leaves (Figure 7) . Taken together, we propose that NO-mediated activation of CYCD3;1 contributes to regulating the entry of cells into the mitotic cell cycle in response to cytokinins.
dISCuSSION
Cytokinins are well-known signaling molecules crucial for the induction of callus and the subsequent formation of shoots in unorganized growing callus tissues. NO can be induced by cytokinins in plant cell cultures (Tun et al., 2001) . Accumulated evidence suggests that NO functions as a signal mediator in the regulation of root organogenesis (Pagnussat et al., 2002; Correa-Aragunde et al., 2004 , 2006 ), yet the molecular mechanisms underlying the relationship between cytokinin and NO during cell proliferation are largely unexplored. In this study, one important objective was to explore the effect of endogenous NO deficiency on cytokinin-induced cell proliferation during callus formation and shoot regeneration using the NO-deficient mutant (nos1/noa1). We undertook a detailed analysis of NO functions in cell division and differentiation in response to cytokinins by employing tissue regeneration assays as a sensitized background in which differentiated cells of explants acquire competence for dedifferentiation, cell division, and subsequent re-differentiation (Sugiyama, 1999) . We have shown that the sensitivity of nos1/noa1 mutant hypocotyl and root explants to cytokinins is remarkably reduced compared with that of wild-type. Importantly, we found that the reduced sensitivity to cytokinins exhibited in nos1/noa1 mutants is similar to that of ahk4, a cytokinin receptor mutant (Inoue et al., 2001) , used as a negative control in our experiments. These lines of genetic evidence indicate that NO modulates the responsive capacity of somatic cells to cytokinins in callus formation and shoot regeneration. Furthermore, by supplementing the NO donor GSNO in culture medium, we confirm that the defects of nos1/noa1 mutants in callus formation are attributable to NO deficiency rather than through general physiological defects. Interestingly, it has been noted that supplementing GSNO has less effect on shoot regeneration of the ahk4 mutant explants in comparison with wild-type and the nos1/noa1 mutant, implying that AHK4 might also play a role in shoot regeneration through a pathway independent of NO. Furthermore, we demonstrate that the depletion of endogenous NO by cPTIO, an NO scavenger, can also inhibit cytokinin-induced callus initiation and shoot regeneration, similar to the effect of the nos1/noa1 mutation. Based on these results, we conclude that NO deficiency caused by NOS1/NOA1 mutations leads to the defects of cytokinin functions in cell proliferation during callus formation. Recent data suggested that NOS1/NOA1 is a functional cGTPase and its role in endogenous NO accumulation needs to be further explored (Moreau et al., 2008; Sudhamsu et al., 2008) . Interestingly, mutant NOS1/NOA1 lacking the C-terminal domain, although retaining GTPase activity, failed to complement the mutant nos1/noa1, suggesting that this GTPase activity of NOS1/NOA1 is not sufficient to recover the NO deficiency-related phenotypes of the nos1/noa1 plants (Moreau et al., 2008) .
Based on the root assays previously conducted to examine NO generation in response to hormonal molecules (Guo et al., 2003; Zottini et al., 2007) , we found that cytokinin induced a substantial increase in NO generation in the roots of 5-day-old wild-type seedlings after 1-h treatment whereas this induction was impaired in nos1/noa1 mutant seedlings, indicating that NOS1/NOA1 is involved in NO production in response to cytokinins in Arabidopsis. Interestingly, previous results pointed out that some other sources could also be involved in NO generation in response to cytokinins, including an unknown 2-(2-aminoethyl) 2-thiopseudourea (AET)sensitive enzyme (Tun et al., 2008) . To date, there are at least seven possible pathways in plants that have been suggested for NO biosynthesis (Moreau et al., 2010; Gupta et al., 2011b) . Recent reports provided a new possibility for oxidative NO formation from polyamines (Tun et al., 2006; Wimalasekera et al., 2011) or hydroxylamines (Ruemer et al., 2009; Gupta et al., 2011a) in plants, although the molecular and enzymatic components are not yet clear under physiological conditions. Based on genetic evidence and experimental data using NO-releasing or -scavenging chemicals, the possibility was raised that NOS1/NOA1 acts downstream of cytokinin to be involved in NO accumulation. We propose that NO activates cell division in differentiated plant cells in hypocotyl and root explants by activating CYCD3;1 expression during formation of embryogenic callus and the subsequent shoot regeneration.
The accumulated evidence suggests that D-type cyclins regulate the G1-S transition and the commitment to enter the cell cycle, and function as primary integrators of external and internal signals, leading eventually to cell division (Dewitte and Murray, 2003; Inze and De Veylder, 2006; Menges et al., 2006; Dewitte et al., 2007) . One interesting known rate-limiting factor in the regulation of cell proliferation in response to cytokinin is CYCD3;1 (Riou-Khamlichi et al., 1999; Dewitte et al., 2007) . In this study, we provided several lines of evidence to support the role of NO-mediated activation of CYCD3;1 as a primary determinant of mitotic cycles in callus formation and meristem maintenance in the shoot and root. First, cytokinin-induced activation of CYCD3;1 was impaired in the NO-deficient mutant nos1/noa1, indicating that NO determines the responsiveness of CYCD3;1 to cytokinins. Second, by performing in situ hybridization, we detected substantially reduced expression of CYCD3;1 in callus formed on nos1/noa1 mutant hypocotyl explants, which further confirms that NO modulates responsiveness of CYCD3;1 to cytokinins in vivo during callus formation. Third, in line with the hypothesis that NO-activated CYCD3;1 expression is required for callus initiation and formation, overexpression of CYCD3;1 complements the defects of nos1/noa1 mutants and bypasses the requirement of NO in callus formation. These findings based on genetic analyses have clarified the role of NO as an important downstream mediator to cytokinins in cell proliferation and re-differentiation during callus formation and shoot regeneration through activation of CYCD3;1. The data based on the nos1/noa1 mutants harboring a 35S::CYCD3;1 construct could be due to an independent effect of this overexpression simply affecting the same phenotypes through a different pathway. However, the nos1/noa1 mutant analysis strongly supports a role of NOS1/NOA1 in mediating cytokinin signals during growth and regeneration.
To keep the balance between organ formation and meristem maintenance, cell division and differentiation must be precisely modulated, particularly in meristems located at the shoot and root apices (Dewitte and Murray, 2003; Inze and De Veylder, 2006) . More importantly, the cytokinin-responsive gene CYCD3;1 is highly expressed in the SAM (shoot apical meristem) (Riou-Khamlichi et al., 1999; Dewitte et al., 2003) , and overexpression of CYCD3;1 leads to cell hyperproliferation and inhibition of cellular differentiation in Arabidopsis leaves (Dewitte et al., 2003) , indicating that the regulation of CYCD3;1 expression in response to hormonal signals such as cytokinins plays a critical role in the control of SAM size. Interestingly, in agreement with the role of NO-mediated activation of CYCD3;1 in meristem maintenance, we found that nos1/noa1 mutant plants displayed a reduction in SAM size, which can be complemented by overexpressing CYCD3;1. These results are consistent with the suggestion that NO acts as a positive regulator to control SAM size through activation of CYCD3;1. To assess whether the reduction in meristem size could be caused by NO deficiency, we visualized root-meristem cells in wild-type and nos1/noa1 mutant roots. Based on standard methods for estimating root-meristem size (Casamitjana-Martinez et al., 2003) , the reduction of root-meristem size was significant in the nos1/noa1 mutant (approximately 22 cells) compared with that of wild-type (approximately 30 cells). We further verified that the decrease in root-meristem size in nos1/noa1 mutant can be partially complemented by overexpressing CYCD3;1. These findings indicate that NO functions as a positive regulator in modulating the division potential cells in the PM of roots, which is in line with the role of NO in SAM size control.
Interestingly, a recent report has provided evidence using an NO overproducer mutant cue1/nox1 that the overproduced NO causes RAM defects and root growth inhibition (Fernandez-Marcos et al., 2011) . It is worthy of note that, instead of having an inhibitory effect, the overproduced NO exhibited a marginally promotive effect on callus proliferation and greening in the cultured explants of the NO overproducer mutant nox1-1 in comparison with the explants of wild-type when tested using tissue regeneration assays in this study. It is most likely that root growth is more sensitive to NO over-accumulation in comparison with the shoot regeneration process in which differentiated cells of explants acquire competence for dedifferentiation. These findings imply that the maintenance of NO homeostasis plays a critical role in regulation of cell proliferation during plant growth and development.
Collectively, the important outcome of this study is the finding that NO functions as a predominant mediator in signaling the reprogramming of mitotic cycles in response to cytokinins during callus formation and meristem maintenance. The evidence has emerged that CYCD3;1 promotes mitotic cycles over endocycles (Dewitte et al., 2003; Menges et al., 2006; Dewitte et al., 2007) . In keeping with this, our results suggest that NO-mediated activation of CYCD3;1 may be a common theme in understanding the mechanisms by which plant cells integrate the external and internal signals to determine the commitment to enter the mitotic cell cycle. Our data indicate that NO positively regulates mitotic cycles through activation of CYCD3;1 but negatively affects the onset of endocycles.
Our findings suggest that NO indeed functions as a regulator in restraining endocycles through activating CYCD3;1 expression. Particularly, by characterizing the data sets of callus formation and shoot regeneration in the NO-deficient mutant, we are able to clarify the role of NO in regulating cell proliferation and re-differentiation in response to cytokinins.
METHOdS
Plant Materials and Growth Conditions
Arabidopsis thaliana Columbia ecotype was used as wild-type. The nos1/noa1 and nox1-1 mutants were kindly provided by Drs Crawford (University of California at San Diego, USA) and Pei (Duke University, USA), respectively. ahk4 mutant (SALK_024786C) was obtained from ABRC (Columbus, OH). For callus induction experiments, hypocotyl and root segments were excised from 5-day-old seedlings grown on GM medium (Kubo and Kakimoto, 2000) under a dim-light condition. The excised hypocotyl and root segments were cultured on GM medium with the supplementation of biotin (1 mg l -1 ), containing 30 ng ml -1 2,4-D with a range of kinetin concentrations, or supplemented with cPTIO and GSNO of the indicated concentrations for 21 d. For root growth assays, NO measurements and qRT-PCR analysis, seedlings were grown vertically on solid agar plates (1% phytagel) with GM medium under continuous light at 22°C ± 1°C.
NO Measurements
Five-day-old seedlings were incubated with 5 μM trans-zeatin (Sigma) in liquid GM medium under continuous light for 1 h, followed by three washes with liquid GM medium and then loaded with 10 μM DAF-2 DA (Sigma) for 20 min in dark. After loading, the seedlings were washed three times for 15 min in liquid GM medium. Fluorescent signals were detected using a LSM510 laser scanning confocal microscope (Zeiss, Jena, Germany) with argon laser excitation at 488 nm and a 505-550-nm emission filter set. Signal intensities were quantified using Photoshop (Adobe Systems).
Plasmid Constructs and Transformation
For overexpression of CYCD3;1 in transgenic plants, a cDNA fragment containing the full-length open reading frame of CYCD3;1 was amplified by PCR with primers OE-CYCD3;1-F and OE-CYCD3-R, digested with SmaI and SacI and inserted into SmaI and SacI cloning sites in the 35S CaMV expression cassette of pBI121. Binary vectors harboring the desired constructs were transferred into Agrobacterium tumefaciens strain C58. Transgenic plants were generated by a floral dip method and screened on solid plates containing 50 mg l -1 kanamycin.
Quantitative Real-Time RT-PCR
Quantitative real-time PCR was performed with SYBR Premix Ex TaqII (Takara) using a MyiQ5 single color Real-Time PCR Detection System (Bio-Rad). Total RNA was isolated from samples frozen in liquid nitrogen using the TRIzol reagent (Takara) according to the manufacturer's protocol. DNA contaminated in total RNA samples was digested with RNase-free DNase (Takara). Complementary DNA was produced using 4.5 μg total RNA and an oligo (dT) 20 primer and TransScript II First-Strand cDNA Synthesis SuperMix (Transgen). The comparative threshold cycle (Ct) method was used for determining relative transcript levels (iQ5 admin, Bio-Rad) using ACTIN2 as an internal control. Primer names and sequences are listed in Supplemental Table 1 . Statistical analyses of three independent biological replicates of each treatment were performed.
Western Blot Analysis
Protein extraction and Western blotting were performed as described (Cockcroft et al., 2000) . The antibody against CYCD3;1 was kindly provided by Dr James Murray (Cardiff School of Biomedical Sciences, UK) (Healy et al., 2001) . The monoclonal anti-alpha TUBULIN antibody was purchased from Sigma-Aldrich.
In Situ Hybridization
Tissues were embedded in paraffin and 9-μm sections were cut on a Leica RM2235 microtome. In situ hybridization was performed as described (Long and Barton, 1998) .
Microscopic Examination and Cell Counting
Shoot samples were fixed in FAA and dehydrated in ethanol and xylene series and embedded in paraffin; 6-μm sections were cut on a Leica RM2235 microtome (Dewitte et al., 2003) . For measurements of palisade mesophyll cell size, leaves of six-leaf rosettes were fixed with ethanol/acetic acid (6:1), cleared with ethanol and photographed by using a microscopy (Olympus, Japan). Cell sizes were measured in ImageJ (NIH, USA) according to Dewitte et al. (2007) . For RAM analysis, the roots of 5-day-old seedlings were stained with propidium iodide and visualized using a LSM510 laser scanning confocal microscope (Zeiss, Jena, Germany). The number of cortex cells along the PM was counted according to Casamitjana-Martinez et al. (2003) .
Ploidy Analysis
The levels of endoreduplication were analyzed with a MoFlo XDP flow cytometer (Beckman Coulter) in five successive leaves of plants with six visible leaves by pooling similar leaves from 10 rosettes (Dewitte et al., 2007) . 
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